Abstract Experimental densities, viscosities, and surface and interfacial tensions have been measured at 303.15 K for liquid mixtures of water + n-butyl acetate + 1-propanol. The excess molar volume, V E , viscosity, η, and surface tension, γ , were calculated and rational functions due to Myers and Scott, and Pando et al. were used to describe the composition dependence of these properties. The viscosity, η, of the mixtures was correlated using a theoretically based method developed from the Eyring theory using the above-mentioned rational functions to express the excess Gibbs energy of activation for viscous flow, G =E . The UNIMOD model based on the Eyring theory was used to correlate the viscosity of the binaries and to predict the same property for ternary mixtures. To describe the above-mentioned properties of the ternary system, binary pair additivity and some empirical models were considered. The methods of Fu et al. and Li et al. were used to correlate the binary surface tension and also to predict the ternary behavior. The interfacial tension was correlated by the Li and Fu method.
processes such as fluid flow, heat and mass transfer, and also for the development of theoretical research on molecular interactions in solutions. A knowledge of the density, viscosity, and surface and interfacial tensions of aqueous systems containing aliphatic esters is essential in many fields, such as the food, and the flavor and flagrance industries.
The alkanol + alkanoate systems are of great interest from a theoretical point of view since in mixing processes the breaking of H-bonded structures of the alcohol occurs and the formation of new H-bonded molecular species between the alcohol and the ester takes place [1] . Ternary mixtures are the simplest multicomponent system to treat experimentally and to provide the appropriate basis for the application of correlation and prediction models.
The present work is part of a research program which has been developed in our laboratory to provide density, viscosity, and surface and interfacial tensions for water + ester + alcohol at different temperatures [2] [3] [4] [5] . These systems show liquidliquid immiscibility, with the water + alkanoate system practically immiscible over the complete composition range. Recently, we measured the densities of the pure esters over wide ranges of temperature and pressure [6] .
We report in this article the density, ρ, the dynamic viscosity, η, and the surface tension, γ , for ternary mixtures of water + n-butyl acetate + 1-propanol and its binary constituents at 303.15 K and atmospheric pressure. The interfacial tension, γ , was also measured in the liquid-liquid immiscibility domain. The rational functions proposed by Myers and Scott [7] and Pando et al. [8] have been applied to correlate the measured properties.
The statistical mechanical theory of reaction rate developed by Eyring has been used to correlate the viscosity [9] . This theory describes the motion of molecules in the way of a chemical reaction. When a molecule moves from one position to another in the liquid, it should possess higher energy than the neighboring molecules in order to produce a hole and move to an available position. The extra energy is the activation energy for the flow. The application of the Eyring theory to mixtures following these ideas leads to the concept of the excess Gibbs energy of activation of viscous flow [9] , which has been used to correlate the viscosity and to predict this property for ternary mixtures.
Some other methods have been used for correlation and prediction of viscosity. The model of Noda and Ishida [10] was applied for the correlation of binary viscosity data; and the UNIMOD model, due to Cao et al. [11, 12] , was also applied as a correlation model and also to predict the viscosity of multicomponent mixtures from a knowledge of binary interaction parameters.
The surface-tension data of binary mixtures were correlated with the models of Fu et al. [13] and Li et al. [14] . The same models were applied for the prediction of ternary data. The liquid interfacial tension data were correlated with a relation proposed by Li and Fu [15] .
Experimental
Tri-distilled water was used. 1-Propanol (Riedel de Häen) was supplied with a mass fraction purity better than 0.995. n-Butyl acetate was supplied by Sigma-Aldrich with a stated purity better than 0.995. The purity of the chemicals was checked by measuring their density, viscosity, and surface tension. The properties of the three components together with values found in the literature are presented in Table 1 .
The liquid mixtures were prepared by mass using a Mettler AT 200 balance with a precision of ±1 × 10 −5 g. The uncertainty of the mole fraction is estimated to be of the order ±1 × 10 −4 .
Densities were measured with an Anton Paar DMA 60 digital vibrating-tube densimeter, with a DMA 602 measuring cell. Air and pure water were used for calibration of the densimeter. The temperature control was performed using an UltraTerm P Selecta thermostatic water bath, with a temperature uncertainty of ±0.01 K. For the case of density measurements, a Pt resistance thermometer (calibrated against a standard mercury thermometer, graduated in 0.01 K, certified by NPL, UK) was placed inside the vibrating-tube densimeter to find the actual temperature of the measurements. The temperature was maintained at (303.15 ± 0.01) K.
Kinematic viscosities, ν, of pure components and their binary and ternary mixtures were determined by using an Ubbelohde viscometer with a Schott-Geräte automatic measuring unit (Model AVS-470), for which the uncertainty in the flow time of measurement is ±0.01 s. A thermostatically controlled bath was used for which the temperature was monitored by a digital thermometer with an uncertainty of ±0.01 K. The viscometer constant was checked with pure compounds (methanol and 1-propanol) from 298.15 to 323.15 K. Kinetic-energy corrections were applied to the experimental data.
Surface and interfacial tensions were measured using a PC controlled KSV Sigma 70 tension balance which employs the Du Noüy ring-detachment method. The platinum ring was thoroughly cleaned by immersion in a concentrated solution of nitric acid for several hours. Then it was rinsed with acetone, carefully flamed in a Bunsen burner, washed again with acetone, and dried. The measurements were automatically corrected to the actual values by means of the Huh and Mason compensation for interface distortion. The temperature inside the surface tension measurement vessel was maintained and controlled at (303.15 ± 0.01) K using an UltraTerm P Selecta bath.
For the liquid interfacial-tension measurements, mixtures with a known global composition were kept at 303.15 K in a thermostated vessel and shaken several times during a period of at least 24 h to reach equilibrium. [22] The measurement of viscosity and surface tension was accomplished using the following methodology. A binary mixture was used as a starting point of measurements for the water (1) + 1-propanol (3) or n-butyl acetate (2) + 1-propanol (3) systems. The ternary data were obtained following lines of constant mole fraction ratios of z = x 1 /x 3 and z = x 2 /x 3 , respectively.
Densities were measured with an uncertainty of ±1 × 10 −5 g · cm −3 . Having in mind that the error in the excess molar volume, V E , is determined by the uncertainties in mole fraction and density, the maximum error in V E resulting from the propagation of errors is ±1 × 10 −3 cm 3 · mol −1 . Taking into consideration the uncertainties in the measured time and density, the estimated experimental uncertainty in the viscosity is ±1 × 10 −3 mPa · s.
The precision of the surface tension is indicated by the instruction manual of the tension balance as ±0.01 mN · m −1 . Each experimental point results from a set of about 20 measurements. After the first few measurements, the measurements attain a practically constant value.
Results
In Table 2 experimental density data are presented and in Table 3 we show the values of viscosity and surface tension for the ternary system and constituent binaries at 303.15 K as a function of the composition.
The calculation of the dynamic viscosity, η = ρν, is done by using
where ρ is the density of the mixture, ν is the kinematic viscosity, k is the viscometer constant, t is the flow time, and θ is the kinetic-energy correction factor (HagenbachCouette correction) whose value is given by the manufacturer and depends on the flow time.
The viscosity and surface-tension measurements were made for different compositions than those of the density, since they were not performed simultaneously. For that reason, the density value needed to obtain the dynamic viscosity was calculated with a fitted equation for V E .
In Table 4 the experimental liquid interfacial tension, γ , is listed for the ternary system. In this table the surface tension, γ , and the compositions of the liquid phases at equilibrium are also presented. The composition of the liquid phases at equilibrium was determined using the tie-line data from Rao and Rao [27] .
Correlation and Prediction
The excess molar volumes, V E , were obtained from the measured density by the expression, Table 2 Experimental densities, ρ, for the water (1) + n-butyl acetate (2) + 1-propanol (3) system and its binary constituents at 303.15 K and atmospheric pressure where x i , M i , and ρ i are the mole fraction, the molar mass, and the measured density of the pure component i, respectively. c is the number of species. The reaction rate theory of Eyring was assumed to hold and used to correlate the viscosity data. According to this theory [9] , the viscosity, η i , of a pure liquid i is
where h is Plank's constant, N A is the Avogadro number, G = i is the Gibbs energy of activation of viscous flow of pure liquid i, and T is the temperature. For a mixture the following equation is derived: Table 3 Experimental viscosities, η, and surface tensions, γ , for the water (1) + n-butyl acetate (2) + 1-propanol (3) system and its binary constituents at 303.15 K and atmospheric pressure The surface tension, γ , and the compositions of the liquid phases at equilibrium are also listed
where V and V i are the molar volumes of the mixture and of pure component i at the same pressure and temperature. G =E is the excess Gibbs energy of activation of viscous flow for the mixture and can be correlated as an excess property. The dependence of binary excess properties X ij (≡ V E , G =E ) on composition, can be described by a flexible equation proposed by Myers and Scott [7] ,
where z ij = x i − x j . B k and C l are adjustable coefficients obtained from the fitting of Eq. 5 to V E . This equation was also used to describe G =E in the fitting of Eq. 4 to viscosity data.
The binary surface tension, γ , was correlated by means of the equation,
where (γ i , γ j ) are the pure-component surface tensions and γ ij is a function given by Eq. 5 fitted to this property. For the binary viscosity, η, an expression similar to Eq. 6 was used where the function η ij was defined by Eq. 5. The viscosity and surface tension of the ternary mixtures have been correlated using the equations,
and
where the properties, η T and γ T , for the ternary systems, were calculated from the general expression,
where X ij 's are functions for the same properties, obtained by fitting Eq. 5 to binary data and X 123 is a ternary contribution expressed by the Pando et al. [8] expression,
This equation was also used to describe V E T and G =E T , the excess molar volume and the Gibbs energy of activation of viscous flow for the ternary mixtures. The parameters of G =E T (i.e., G =E ) included in Eq. 4 were optimized using ternary viscosity data. To correlate the viscosity, we have also used the Eyring theory. The excess Gibbs energy of activation of viscous flow for the mixture, G =E , which must be used in Eq. 4 can be derived from several methods. Noda and Ishida [10] proposed the following semi-empirical equation:
where w ii = 0 and w ji and w ki are parameters fitted from experimental binary viscosity data using Eq. 11 inserted in Eq. 4. Cao et al. [11, 12] proposed the following equation (UNIMOD):
where (viscosity) is the dynamic or the kinematic viscosity of the mixture, ξ C i is the combinatory term, and ξ R i is the residual term. For the dynamic viscosity, η, these terms are
In Eq. 14, r i and q i are the number of segments and the area parameter of component i, θ ij is the local composition, and n i is a constant. The definitions of the different composition variables are given by
x j r j (17) where θ i and ϕ i are the area fraction and the average segment fraction of the ith component and τ ji is the interaction parameter between molecular sites j and i,
where z is the coordination number given by Skjold-Jørgensen et al. [28] ,
This model allows the prediction of the ternary viscosity from binary parameters.
To describe the surface tension, γ , the model proposed by Fu et al. [13] was used, (20) where the f ij 's are adjustable parameters for the binary systems. This equation was also used to predict the ternary surface tension. Li et al. [14] derived the equation,
where
In the preceding relations, U ij −U ii is the difference in the interaction energy between molecular pair ij, and the derivative [∂(U ij −U ii )/∂A] T ,P ,x reflects the energy change with the increase in surface area. In a binary system the adjustable parameters are four, i. e., ( 
γ is the interfacial tension between the two immiscible liquid phases α and β in the ternary system, and γ 0 is the interfacial tension of the partially miscible binary pair which corresponds to x 3 = 0 and X = X 0 in Eq. 23. x α 1 is the mole fraction of component 1 in the liquid phase α richer in component 2, x β 2 is the mole fraction of component 2 in the phase richer in component 1, and x 3p is the mole fraction of component 3 in the phase poor in it. Li and Fu considered the parameter k as an adjustable parameter in Eq. 22, and they used a more general form, Table 5 presents the coefficients, B k and C k of Eq. 5 fitted to binary V E , η, and γ values. The standard deviation, σ , and the average absolute deviation (AAD) of the corresponding fits are also shown. In the same table the coefficients corresponding to the fitted Eq. 10 of the ternary data are presented. The σ and the AAD of the fits are defined as usual;
Discussion
where X (≡ V E , η, γ ) and the subscripts calc and exp refer to calculated and experimental values and N and n represent the number of experimental points and parameters, respectively. In Fig. 1 we have plotted the experimental V E for the binary systems, water + 1-propanol and n-butyl acetate + 1-propanol, as a function of the composition of water [29] . Curves were calculated with Eq. 5
and ester, respectively. It can be seen from Fig. 1a that our data for the water + 1-propanol system are in good agreement with the values of Mikhail and Kimel [29] . The minimum value of the excess molar volume is V E (x 1 = 0.60) = −0.64 cm 3 · mol −1 . For the n-butyl acetate + 1-propanol system, no data have been found in the literature. [29] ; ( ) Dizechi and Marschall [30] . Curves of (a) and (b) were calculated with the correlation of the excess Gibbs energy of activation of viscous flow, Eq. 5, applied to Eq. 4 The experimental and fitted values of η for the binary systems, water + 1-propanol and n-butyl acetate + 1-propanol, as a function of the compositions of water and ester are compared in Fig. 2 . In this figure we have also plotted the values taken from the literature, which are in excellent agreement with our data.
The results obtained by the application of the Noda-Ishida and UNIMOD models are presented in Table 6 . For the correlation of the binary viscosity, the best results were obtained with the UNIMOD model. For the ternary mixtures, the predictions of the two models are similar.
In Fig. 3 we have plotted the experimental and fitted surface tensions of the binary systems of water + 1-propanol and n-butyl acetate + 1-propanol as a function of the Results of the prediction of ternary system due to these models composition. From Table 5 we can see that the larger standard deviation occurs in the water + 1-propanol binary where the values of the surface tension present a behavior difficult to describe, as can be seen in Fig. 3a . Figures 1-3 stress the correlating ability of the Myers and Scott rational equation.
The ability of the methods of Li et al. [14] and Fu et al. [13] to correlate the binary surface tension data and to predict the ternary system can be judged from Table 7 . The surface tension of the ternary systems was well predicted using these models. 
The results for the fitting of the Li and Fu model, Eq. 22, to the liquid interfacial tension, γ , are represented in Fig. 4 . A good representation of the experimental data is obtained taking into consideration a quadratic dependence of the composition, with k 0 = 2.757, k 1 = −2.882, and k 2 = 1.056. The same conclusion was already reported in previous work [4] .
